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ABSTRACT 

By far the least cooperative class of targets that is likely to be accessible to radar 
is the group of our distant neighbors, the planets. This lack of cooperation stems from 
the all but incredible distances involved. However, when the modem high-power 
transmitter, large antenna, and ultrasensitive receiver are teamed together, these 
targets are detectable. In fact, echoes from Venus, Mars, Mercury, and Jupiter have 
been detected at JPL’s DSIF station at Goldstone. 

When the received power is large enough so that there is some margin left over 
from the requirements of straight detection, it becomes possible to gather much 
information about the target. Each point of the target has two attributes that can 
be measured independently at the receiver: its round-trip distance (or time delay), 
and its velocity (or doppler shift). Consider a rough, rotating planet as a target. 
All points which have the same time of flight lie on a circle, so that dividing the 
received power according to time delay is equivalent to dividing the target into con- 
centric rings, centered about the sub-Earth point. All points which have the same 
doppler shift (due to rotational velocity) are found to project as straight lines parallel 
to the axis of rotation. Thus dividing the received power according to frequency shift 
is equivalent to dividing the target into parallel strips. 

This paper discusses the special modulation and detection processes which enable 
the target to be analyzed into these two dimensions simultaneously. Such a system 
was used with Venus as the target during the conjunction of 1962, and a much 
improved version will be in operation for the conjunction of June 1964. It is expected 
that this system will yield very accurate measurements of the range of Venus, as well 
as the rotation rate, direction of the axis of rotation, and the detection of surface 
features on Venus. 

1. INTRODUCTION 

As radar targets, the Moon and the planets are most 
uncooperative, a fact which stems from the tremendous 
distances involved. First contacts with such a target were 
made in 1946 and 1947, when a group from the U. S. 
Signal Corps (Ref. 1) and a group in Hungary (Ref. 2) 
succeeded in detecting radar echoes from the Moon. 

A more difficult astronomical target is Venus; even at 
times of closest approach, it is 10 million times less co- 
operative than the Moon. Our technology required only 

15 years of developing higher power transmitters, anten- 
nas of greater collecting area and focusing power, and 
more sensitive receivers in order to span this seven orders 
of magnitude. Radar contact with Venus was first made 
during the inferior conjunction of the spring of 1961 by 
four groups, working independently: JPL (Ref. 3) and 
MIT (Ref. 4) in the United States; Jodrell Bank (Ref. 5 )  
in England, and a Crimean station (Ref. 6) in the USSR. 

At  the far point of its orbit, Venus becomes more diffi- 
cult as a radar target by another factor of 1OOO. Our 

1 
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FILTER u ( 1 )  
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technology has now covered this factor, and echoes have 
also been detected from Mars, Mercury, and Jupiter. 

plishing this task is the almost incredibly minute amount 
of power contained in a planetary echo. For example, the 
typical power density of a Venus echo, when that planet 
is at the far point of its orbit, is only 3 X watts 
(0.2 photons per sec) per square meter. Because of back- 
ground noise, which is eternally present, signal processing 
is a constant struggle to conserve signal-to-noise ratio. 

The basic task of radar astronomy is the analysis of 
such targets, i.e., the utilization of radar echoes to deter- 
mine, insofar as is possible, the physical characteristics 
of the target planet. The greatest difficulty in accom- 

SQUARE 

L A W  
( 12 

II. TOTAL POWER 

The measurement of power is fundamental to this 
task. If the signal is strong enough, more can be learned 
about the target if the echo power is divided according 
to its frequency content or according to its distribution 
in time. However, after such partitioning, the measure- 
ment reduces to the determination of the amount of 
power which remains in the selected “cell.” 

Total power measurements give directly the radar 
cross section of the target planet. Surface characteristics 
can be related to the cross section, and target motion 
and rotation can be related to time variation and period- 
icities of the cross section. 

Power is defined as the average of the square of signal, 
so a natural method of power measurement follows this 
definition. Figure 1 is a block diagram of this method. 
The filter limits the amount of noise which is presented 
to the square law device. 

The output to, on the average, equals the sum of the 
noise power through the filter wn and the signal power wR 

u: = W* + WT, (1) 
- 

where the bar deno DS ensemble average. Bec use of the 
random nature of the signal and the noise, w varies 
about its average value with a standard deviation of uW. 

- 

A performance criterion SNR (or postdetection signal-to- 
noise ratio) is 

SNR = w,/aw (2) 

The design problem is to make SNR as large as possible. 
The following equations hold: 

u( t )  = h ( ~ )  [s(t - X) + n(t - x)] dx 1: 
v( t )  = u’(t)  

w = +lT v( t )  dt 

It can be shown that, in order to maximize SNR, H ( f )  
must be chosen such that 

Fig. 1.  Power meter block diagram 

2 
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where S,(f) is the power spectral density of the signal, 
and the noise has been assumed white. It can also be 
shown that, under the assumption of white Gaussian 
noise, the block diagram of Fig. 1 results in an optimum 
power meter (radiometer). When H ( f )  is properly chosen, 
the SNR that results is 

where T is the integration (observation) time and N is 
the noise spectral density (one-sided). 

Equation (4) contains two inexorable laws of radar: 
for a given signal power, those signals which have 
larger J S:(f)df (i.e., narrow-band signals) are more easily 
detected, and a factor of k loss in signal power can be 
compensated for by a factor of k' increase in observation 
time. 

There are two difficulties in applying Eqs. (3) and (4) 
to a practical situation. First is the fact that S,( f )  is 
usually unknown. Indeed, it may well be the quantity 
we set out to measure. Therefore, it is often assumed 
that S,( f )  is a rectangular function of some bandwidth B.  
Of course, a search problem exists in the case of the 

weaker signals. They may not be detectable at all unless 
the proper bandwidth is utilized. 

When such an S,( f )  is substituted into Eq. (4), it 
becomes 

which is the well-known radiometer formula. 

The second difficulty is the problem of resolving w 
into its two parts, w', and w,,. There are always trouble- 
some gain variations in a practical system which make 
this separation difficult. One common method of solving 
this problem is to key the signal on and off (easily done 
at the transmitter) and identdy wn with the change 
in w. Thus the measurement is independent (to first 
order) of varying system gain, Of course, this technique 
reduces SNR somewhat, 

(7) 

Equation (7) is known as the switched radiometer for- 
mula, and the factor of 'A is the cost of that practical 
consideration. 

111. POWER DISTRIBUTION IN FREQUENCY 

When the received signal contains more power than 
the requirements of pure detection, it becomes possible 
to learn much more about the characteristics of the tar- 
get planet by measuring the power spectrum of the echo. 
For this measurement a spectrally pure sine wave is 
transmitted. The echo is both shifted and broadened in 
frequency by the doppler effect. The shift is caused by 
the relative orbital velocity between the planet and the 
radar station. Measurements of this shift have been used 
to compute the astronomical unit (Ref. 7) and will be 
used to improve the Venus and Earth ephemerides. 

The doppler broadening is caused by any apparent 
rotation the planet may have, since different parts of the 
surface will have different line-of-sight velocities. Rota- 
tion has two components: one is the normal spin about 
an axis, and the other is the relative orbital motion, 
which also produces doppler broadening. The situation 
is illustrated in Fig. 2, where the contours of constant 
line-of-sight velocity (and hence frequency shift) have 
been drawn. These contours are circles, such that they 
appear to the radar station as equispaced lines, all par- 
allel to the projected axis of rotation. 

3 
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TO EARTH 

ROTATION 
AXIS 

Fig. 2. Contours of constant frequency shift 

Thus a spectrogram of the echo power is equivalent 
to scanning the disk with a narrow slit parallel to the 
contours of Fig. 2. The amount of frequency broaden- 
ing €3, corresponding to reflections from the extreme 
contours, is 

4nr 
h 

B = -  

where is the projected rotation rate, r is the radius, 
and A is the wavelength. Observations of Venus during 
the conjunction of the fall of 1962 (Ref. 8) produced the 
surprising results showing that Venus rotates retrograde, 
with a period of about 250 days. 

Inferences about the scattering properties of the sur- 
face can be made, based upon the shape of the spectrum. 
For example, if the surface is smooth, most of the power 
will be returned from the sub-Earth area, and the spec- 
trum will be highly peaked. Figure 3 is a sample spectro- 
gram taken of Venus at a distance of 88 million miles 
from Earth. To be quantitative, we define the backscatter 
function F ( 0 )  to be the radar cross section of a unit area 
of surface, taken as a function of the angle of incidence. 
Figure 4 illustrates this point. 

Given F (  e)  and the assumptions of a homogeneous 
surface (all elements of the sphere have the same F ( d ) ) ,  
and a surface such that the power from individual ele- 
ments adds, then the signal spectrum S,(f) can be com- 
puted as 

F ( 0 )  sin 0 de 
S,(f) = I"? (a'sin? /j - f')" 

8 in-'f/n 

where a is a rotation constant. 

(9) 

:OMPOSITE OF 
135 HOURS CENTERED 
ABOUT MARCH IO, 1964 

VENUS 

-177.9 dbm 1, 
0 2347 

FREQUENCY, cps 

Fig. 3. Venus spectrogram 

T SQUARE 

Fig. 4. Backscatter function 

Equation (9) shows the dependence of S,(f) upon F(0) .  
This equation has been inverted to yield 

Equations (9) and (10) form a transform pair. Thus mea- 
surement of the spectrum of the echo reveals the back- 
scattering characteristic of the surface. 

In radar astronomy, transmission is normally circularly 
polarized. A single reflection reverses the sense of cir- 
cular polarization, so the receiver is usually set to receive 
the opposite sense. However, if the surface is rough 
compared to the size of the wavelength, double reflec- 
tions will occur. If the transmitter and receiver are both 

4 
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\- A - 
v 

0 117.9 
FREQUENCY, cps 

Fig. 5. Cross-polarized Venus spectrogram, 
June 27,1964 

circularly polarized in the same sense, only double reflec- 
tions (or any even number) will be received. Figure 5 is 
a sample spectrogram taken of Venus in the light of 
double reflections only. 

The total power in this mode is less by a factor of 
about 18 (for Venus), but interesting features are re- 
vealed. The very strong central spike is missing and 
certain rough areas of Venus are clearly seen. As Venus 
rotates, these areas move slowly across the spectrograms, 
from the high-frequency side to the low. 

The spectrograms shown in the figures were made by 
the autocorrelation approach (Ref. 9). Figure 6 is a block 
diagram of the system. The maser, programmable local 
oscillator, and several stages of IF amplification and 
conversion, etc., are all labelled BANDPASS FILTER. 
Samples xi of the signal are taken at the Nyquist rate. 
They are quantized to only two levels by the limiter. 
The correlator forms the following sums of the quantized 
signal yi: 

I 

where R,(k) is the estimate of the autocorrelation func- 
tion of the signal at y. Two-level quantization is done 
to make the sums of Eq. (11) easy to mechanize. The y i  
always equal kl, and multiplication and addition are 
greatly simplified. 

One might expect the action of the limiter to alter the 
spectrum beyond recovery; but fortunately this is not so, 
and a simple formula relates the autocorrelation function 
at y to that at x. 

&(k) = R,(O) sin - R,(k) 1; 1 

DIGITAL 
CORRELATOR L 1 MITER 

SAMPLER 

I RATE = 2W 

> 
v) z 
w 
0 

U 
w 
3 
0 a 

k 

el COMPUTER 

Fig. 6. Spectrometer block diagram 

1 : f  
W 

FREQUENCY, cps 

Fig. 7. Signal-plus-noise and noise-only spectra 

This correction is made by the computer, which then 
calculates the spectrum by: 

K 

S ( f )  = 2 2 R,(k) cos(i7kfN) + 1 (13) 
k=i 

It can be shown that this method is equivalent in per- 
formance to a set of stagger-tuned, optimum radiometers, 
except for a factor of 2 h .  That is the cost in performance 
of the simplification allowed by use of only two-level 
quantization. 

In practice, a measured spectrum is always the sum 
of the signal spectrum plus the noise spectrum. It is 
desirable not only to subtract off the noise spectrum but 
to estimate the total power as well in order to provide 
a measurement of the radar cross section. The raw mate- 
rial for this is two spectra: P ( f ) ,  the sum of signal plus 
noise, and Q(f), the noise only. Typical spectra such as 
these are illustrated in Fig. 7. They have been normal- 
ized to unit power to remove the problem of system gain 
variations. 

5 
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IV. POWER DISTRIBUTION IN RANGE 

A good estimate W(f) of the signal spectrum is 

where k is a constant to be determined. If k is properly 
chosen, the average of W(f )  over the frequency interval C 
(where there the signal component is known to be zero) 
would be zero. This condition defines k:  

P ( f )  df 
k =  ,. 

It can be seen, from Eqs. (14) and (16) that 

(17) 
1-k 

ws = wn - k 

The performance criterion SNR of this method of 
determining the total power is 

where W is the total spectrometer bandwidth. Equation 
(18), for C = W/2 = B, the signal bandwidth, is exactly 
the switched radiometer formula (Eq. 7). 

In the limit as C = W - B and W+ 00 (of course, the 
spectrometer complexity increases), Eq. (18) becomes 

SNR = $6 
It must be noted that measuring P ( f )  and Q(f )  requires 

twice as much time as measuring P ( f )  only: but, in the 
monostatic radar case, this time is available while the 
transmitter is on. 

Range measurement is essentially a problem of esti- 
mation of time delay. A modulated signal is transmitted, 
and the time required for the signal to return is a direct 
measure of the distance. 

Detection theory tells us that (under some simplifying 
assumption) the best way to estimate time delay is to 
compare, by correlation, the signal with the possible 
expected signals, of various time delay. The closest com- 
parison corresponds to the best estimate of time delay. 
Even where the simplifying assumptions are not strictly 
met, it is always good strategy to compare the actual 
signal with the possible expected ones. 

Figure 8 is a block diagram of this method. Amplitude 
modulation is considered here; but frequency, single 
sideband, etc., modulation may be and has been used 
successfully. The performance of this system depends 
critically on the waveform chosen for C(t ) .  The ability 
of the system to distinguish between different range 

zones (or time delays) depends on the autocorrelation 
function R ( T )  of C(t ) ,  defined by 

R(T)  = average [C( t )  c(t+T)] 

For a time-of-flight (range) resolution of T", R ( T )  must 
be a highly peaked function for I T I  < To.  To eliminate 
"cross-talk between range zones, R(T)  should be near 
zero for 1 T I  > T ~ .  

Two commonly used C(t )  and their autocorrelation 
functions are given in Fig. 9. The first waveform, C,(t), 
is a high, narrow pulse; the second, C,(t), is a random 
square wave, such that after each time interval of T ~ ,  a 
random choice is made as to whether C,(t) = t l  for 
the next interval. Both of these waveforms have the same 
autocorrelation function and the same range resolution, 
but they lead to entirely different radar hardware; C,(t)  
leads to a pulse radar, with its energy concentrated into 
narrow pulses, and C,(t) leads to a CW radar, with con- 
stant power over a cycle. 

6 
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TRANSMITTER + C V )  

c (1, 3 1 
Fig. 8. Range-gate block diagram 

Fig. 9. Modulation waveforms and their autocorrelation 
function 

RANGEZONE I 

RANGE ZONE 2 

RANGE Z O N E 3  

Consider for the following discussion that the target 
is a perfect mirror, so that the received signal is only 
shifted in time, and attenuated, from the transmitted 
signal. This restriction will be removed subsequently 
when we consider range-velocity mapping. The signal 
spectra at point 2 of Fig. 8 are given in Fig. 1Oa for the 
“correct” range zone, i.e., for the zone which contains 
the signal. 

The pulse radar produces a line spectrum, so that the 
optimum filter for the power meter is a “comb” filter, 
which allows the lines to pass through, but blocks as 
much of the noise as possible. The spectrum for the 
CW radar is a single impulse. The multiplier at the re- 
ceiver serves to cancel, exactly, the modulation impressed 
upon the signal at the transmitter. Thus the signal is 
restored to a single sine wave. The optimum filter for 
this case is a narrow bandpass filter. There will be no 
signal spectrum in the “incorrect” range zones of the 

7 
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( a )  "CORRECT" RANGE ZONE 

( b )  "INCORRECT" RANGE ZONE 

Fig. 10. Range-gated spectra, point target 

pulse radar, only noise. The corresponding spectrum for 
the CW case is given in Fig. lob. It is still wide-band, 
so it is largely eliminated by the narrow-band filter. The 
remainder is, in practice, negligible when compared to 

Fig. 11. Contours of constant range 

the ever-present noise. It is interesting to note that 
for the same average power transmitted, C,(t) and C,(t) 
lead to radars of the same performance in estimating 
range. 

Thus the set of range-gates divides the signal power 
according to its range composition. The contours of con- 
stant range are, of course, concentric circles centered 
about the sub-Earth point, as is illustrated in Fig. 11. 

V. RANG E-VE LO CITY MAPPING 

The techniques of range-gating and spectral analysis 

dimensional map of the surface of the target planet. The 
coordinates of such a map are along the contours of 
constant frequency shift and along the contours of con- 
stant range. Figure 12 illustrates this coordinate system. 
This system has an essential ambiguity, however, since 
there are, in general, two points on the planetary surface 
which have the same range and same line-of-sight veloc- 
ity. This ambiguity may be resolved by observing the 
target planet at different times, when the rotation axis 
makes different angles to the line of sight. 

ROTAT I ON may be combined simultaneously to produce a two- A X I S  

To EARTH 

The mechanization of this scheme, for the CW radar, 
is the same as for the range gates of Fig. 8, except that 
the power meters are replaced by spectrometers. A simi- 

Fig. 12. Contours of constant range and constant 
frequency shift 

. 8  
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lar mechanization (Ref. 10) can be used for the pulse- 
radar case. Each range-gate responds to only that echo 
which originates from the selected range zone and re- 
stores that signal to its sine wave form. The frequency 
of that sine wave depends, of course, on the line-of-sight 
velocity of the reflecting surface element. When this 
echo is resolved into its frequency spectrum, the two- 
dimensional mapping process is completed. 

The theoretical limit of resolution in the range dimen- 
sion and, simultaneously, in the frequency dimension is 
limited only by the stability of the oscillators of the 
system. In practice, the resolution attainable is limited 
by the signal-to-noise ratio. As the echo power is divided 
into smaller and smaller “cells,” it finally cannot be dis- 
tinguished from the background noise. 

Figures 13 and 14 are actual samples of range-gated 
spectra of Venus echoes. Only the fkst few range zones 

w z 
0 
N 

I I 

z 
FREQUENCY, cps 

Fig. 13. Range-gated Venus spectra, June 13, 1964, 
46-mile zones 

near the sub-Earth point are shown. The spectra of all 
but the first few have the “double humped” shape char- 
acteristic of the coordinate system used and which stems 
from the oblique intersection of the coordinates near the 
frequency extremes. Any departures from this charac- 
teristic shape may be interpreted as features on the 
target’s surface. As the planet rotates, permanent fea- 
tures will trace their signatures upon the spectra by 
moving from the high- to the low-frequency side, and, 
depending upon the feature’s latitude, through the range 
zones. 

Venusian features may be seen in Figs. 13 and 14. The 
peaks which appeared in zones 2 and 3 on June 13, 1964, 
had moved to become peaks in zones 4 and 5 by June 27, 
1964. 

FREQUENCY, cps 

Fig. 14. Range-gated Venus spectra, June 27, 1964, 
46-mile zones 

9 
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The base bandwidths of the spectra (i.e,, the fre- 
quency interval corresponding to the extreme frequency 
contours for the given range zone), measured Over a 
time interval of several months, may be used to deter- 
mine the rotation period of Venus and the direction in 
space of the axis. The bandwidths predicted from the 
JPL observations of 1962 (2,” days retrograde) have 
been plotted on the figures. 

The round-trip time-of-flight can be measured from 
these spectra with surprising precision by noting the 
positions and widths of the echoes in the range zones. 

For example, at 24:OO GMT, June 13, the time-of- 
flight was 294.17890 k.00012 sec. Measurements made 
with 11-mile range-gates have yielded a precision of 
t.00003 sec. 
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